Apaf-1 and cytochrome c coassemble in the presence of dATP to form the apoptosome. We have determined a structure of the apoptosome at 12.8 Å resolution by using electron cryomicroscopy and single-particle methods. We then docked appropriate crystal structures into the map to create an accurate domain model. Thus, we found that seven caspase recruitment domains (CARDs) form a central ring within the apoptosome. At a larger radius, seven copies of the nucleotide binding and oligomerization domain (NOD) associate laterally to form the hub, which encircles the CARD ring. Finally, an arm-like helical domain (HD2) links each NOD to a pair of b propellers, which bind a single cytochrome c. This model provides insights into the roles of dATP and cytochrome c in assembly. Our structure also reveals how a CARD ring and the central hub combine to create a platform for procaspase-9 activation.
Introduction
Programmed cell death terminates cells in an orderly fashion to benefit the organism (Desagher and Martinou, 2000) . Caspases are the executioners of this pathway and use an essential cysteine to cleave target proteins after aspartate residues (Song and Steller, 1999) . In apoptosis, death signals activate initiator caspases, which then cleave downstream zymogens to create active executioner caspases. This process leads to the hallmarks of apoptosis that include chromatin degradation and organelle destruction (Budihardjo et al., 1999; Salvesen and Dixit, 1997) . Apoptosis plays a decisive role in sculpting the embryo and in maintaining tissue homeostasis in adults (Ferraro et al., 2003) . In addition, the transition to unrestrained cell growth in some cancers may require the activation of oncogenes and the downregulation of apoptotic pathways (Song and Steller, 1999; Salvesen and Dixit, 1997) . Thus, apoptotic pathways provide a brake against certain cancers and autoimmunity diseases (Green and Evan, 2002) . Conversely, apoptosis may be upregulated in AIDS, neurodegenerative diseases, and ischemic stroke (Thompson, 1995; Danial and Korsmeyer, 2004) .
The intrinsic cell death pathway recognizes developmental cues, genomic stress, or cytotoxic damage (Wang, 2001; Newmeyer and Ferguson-Miller, 2003) . In this pathway, the Bcl family acts as a master switching system that integrates pro-life and death signals (Kuwana and Newmeyer, 2003; Desagher and Martinou, 2000) . Activation of pro-death Bcl family members leads to the release of proapoptotic factors from mitochondria that include cytochrome c, Smac/DIABLO, EndoG, AIF, and HtrA2/Omi (see Green and Evan, 2002; Wang, 2001) . In particular, cytochrome c undergoes a rapid release from mitochondria (Goldstein et al., 2000) and plays a critical role in Apaf-1 oligomerization, which leads to procaspase-9 activation (Hu et al., 1999; Srinivasula et al., 1998; Li et al., 1997; Liu et al., 1996) .
Apaf-1 is the cardinal member of a family of large P loop NTPases that have multiple domains (Zou et al., 1997; Leipe et al., 2004; Inohara and Nunez, 2003) . Apaf-1 contains an N-terminal caspase recruitment domain (CARD), a nucleotide binding and oligomerization domain (NOD) , and a C-terminal regulatory region comprised of 13 WD40 repeats that form two b propellers (Acehan et al., 2002; Hu et al., 1998; Zou et al., 1999) . Apaf-1 exists in an inactive, latent state in cells, and single-particle images suggest that the Y-shaped monomer may adopt a compact structure (Acehan et al., 2002) . The latent state probably results from the selfchaperoning activity of two b propeller domains, as Apaf-1 molecules without this regulatory region were found to be constitutively active in the absence of cytochrome c (Hu et al., 1999; Srinivasula et al., 1998) . Hence, Apaf-1 may undergo a significant conformational change upon binding cytochrome c and dATP/ATP, which triggers apoptosome assembly (Acehan et al., 2002; Jiang and Wang, 2000) . The apoptosome then binds procaspase-9 (Rodriguez and Lazebnik, 1999; Zou et al., 1999; Hu et al., 1999) , and interdomain cleavage of the zymogen is not required for activation (Stennicke et al., 1999; Srinivasula et al., 1998; Acehan et al., 2002) . Remarkably, the apoptosome/procaspase-9 complex forms a holo-enzyme whose ability to cleave caspase-3 is w2000 times higher than for released caspase-9 Stennicke et al., 1999; Rodriguez and Lazebnik, 1999) . The mechanism of procaspase-9 activation is controversial and may involve dimerization of monomeric procaspase-9 on the apoptosome (Boatright et al., 2003; Acehan et al., 2002; Renatus et al., 2001 ), or it may require conformational changes of the zymogen induced by its association with this platform Shi, 2002) .
The apoptosome can be assembled from recombinant Apaf-1 and cytochrome c (Hu et al., 1999; Srinivasula et al., 1998; Li et al., 1997; Liu et al., 1996) , and structural electron microscopy (EM) of this complex revealed a wheel-like particle with seven subunits and a mass of w1 MDa (Acehan et al., 2002) . The first map at w27 Å resolution allowed a tentative identification of CARD, NOD, and WD40 domains within the apoptosome and suggested that cytochrome c may be bound between two b propellers in the regulatory region. A recent crystal structure of Apaf-1 without its regulatory WD40 motifs (Apaf1-591) has now revealed the atomic structure of three distinct domains within the NOD and a fourth superhelical domain (HD2; Riedl et al., 2005) . In this structure, domains of the NOD form an enclosed binding pocket for ADP. However, the relationship between the Apaf1-591 crystal structure and its conformation within the apoptosome remains unknown.
In this paper, we present a significantly improved structure of the human apoptosome at w12.8 Å resolution. We then used crystal structures to model the domain architecture of the human apoptosome. This analysis provides direct insights into apoptosome assembly and into the roles of a CARD ring and the NOD in procaspase-9 activation.
Results

Apoptosome Stability and Structure Determination
The active isoform of Apaf-1 contains 13 WD40 repeats in the regulatory region (see Zou et al., 1999; Hu et al., 1999; Srinivasula et al., 1998) . We overexpressed this isoform in insect cells and used the purified Apaf-1 to assemble apoptosomes in buffer A with cytochrome c and dATP. These apoptosomes migrated on a glycerol gradient as large complexes and contain cytochrome c (Figure 1A , left; standard assembly). However, previous immunoprecipitation experiments suggested that cytochrome c may dissociate from apoptosomes in cell lysates after Apaf-1 assembly (Hill et al., 2004) . Thus, we asked whether cytochrome c is a subunit of the apoptosome under near physiological conditions. To answer this question, we assembled apoptosomes in buffer A supplemented with KCl to a final concentration of 100 mM and ran the complexes on a glycerol gradient in this buffer. Under these conditions, we found that cytochrome c remains bound to the apoptosome (Figure 1A , middle; 100 mM KCl). We conclude that cytochrome c forms a stable interaction with the apoptosome in physiological salt at pH 7.5.
Previous studies at 27 Å resolution showed that the apoptosome has a wheel-like architecture with seven spokes radiating from a central hub (Acehan et al., 2002; Figure S1 , left; see the Supplemental Data available with this article online). To obtain an improved 3D map, we collected a data set of w10,000 particles from specimens frozen in buffer over holes with an acceleration voltage of 200 kV for the electron beam. We processed the particles in EMAN (Ludtke et al., 1999) and obtained a 3D structure with a resolution of w21 Å from w5,400 particles ( Figure S1 , middle). This map confirmed the general architecture of the apoptosome and revealed additional features that had not been observed previously. However, the resolution of this map appeared to be limited by several factors. First, the apoptosome is w270 Å in diameter with a maximal thickness of w70 Å . Thus, its geometry may be conducive to an intrinsic flexibility of the Y-shaped regulatory regions. Second, this geometry also produces low contrast for top or oblique views in frozen buffer. This problem was especially acute in micrographs taken close to focus, which record higher-resolution information. To improve contrast, we collected a second data set of w13,000 apoptosomes in which the ice thickness was just sufficient to allow different particle orientations, and we used a lower acceleration voltage (120 kV).
A histogram of the predicted resolution for each particle from the final data set is shown in Figure S2 . After the data were processed in EMAN (Ludtke et al., 2004) , a final 3D map was obtained from w7,600 particles with a resolution of w12.8 Å (FSC 0.5 , Figure 1B) . A top view of the final 3D map is shown in Figure 1C and reveals a greater wealth of detail than seen previously. This is particularly evident in surface views related by rotations about the horizontal axis ( Figure 1D ). In the map, seven features have been resolved on the central hub that form a ''crown,'' a central CARD ring is evident in the oblique bottom view, a small spur is resolved on the arm, and cytochrome c can be identified between two cylindrical b propellers in the regulatory region. We note that the absolute hand of the apoptosome was chosen arbitrarily in previous work (Acehan et al., 2002) . However, our docking experiments have now revealed the absolute hand, which is inverted relative to that used previously (see Experimental Procedures). This handedness has been used in this paper.
Apaf-1 contains seven major domains and four linkers based on sequence homology and crystal structures (Riedl et al., 2005; Qin et al., 1999) . In this report, we color coded these domains for clarity, as shown in Figure 2A . Starting at the N terminus, the CARD is followed by a short linker (L1), a nucleotide binding a /b domain (NBD) with Walker A and B boxes, a small helical domain (HD1), a second linker (L2), and a conserved, winged helix domain (WHD). A superhelical domain (HD2) extends to within w10-20 residues of the first WD40 repeat, and a third linker (L3) may be present at this junction (Riedl et al., 2005) . Finally, the WD40 repeats occur in groups of seven and six with a linker (L4) between them. Importantly, the WD40 repeats are known to form b propellers that regulate assembly (Acehan et al., 2002; Hu et al., 1999; Srinivasula et al., 1998) .
To interpret the structure of the apoptosome, we docked ''domain'' crystal structures of Apaf1-591 (Figure 2B ), cytochrome c, and b propellers from transducin Gb (seven blades) and TolB (six blades) into the density map and then generated the 7-fold symmetry mates. We next used RsRef and manual adjustments in O (Jones et al., 1991) to refine the position of each domain (Fabiola and Chapman, 2005) . This docking provided an accurate domain model of the apoptosome. However, we did not create a pseudoatomic model because the resolution of the map is too low and atomic structures are not available for the Apaf-1 b propellers. Even with these limitations, our model now gives a detailed snapshot of the apoptosome and provides direct insights into its assembly and function.
The CARD Ring
The N-terminal CARD represents the active site for procaspase-9 binding (Qin et al., 1999) . We suggested previously that CARDs may occupy a central region within the apoptosome, based on docking experiments and the observation that procaspase-9 binds to the top surface of the hub (Acehan et al., 2002) . In the new map, a central ring is clearly evident in a bottom view ( Figure  2C ). By a process of elimination, we accounted for all other Apaf-1 domains within the map (see next sections). The central ring remains and therefore must contain CARDs from seven Apaf-1 subunits. However, this region was the hardest to dock uniquely, because of the small size of the CARDs and due to a paucity of information on lateral CARD-CARD interactions. Nevertheless, we were able to choose an orientation such that seven CARDs fit within the map without major clashes, while placing the procaspase-9 binding site on the top surface ( Figures 2D and 2E ).
Our 3D map suggests that the CARDs form a discrete ring within the apoptosome, due to extensive lateral interactions that may involve the L1 linker. This link between the CARD and NBD (residues 100-120) is comprised of extended loops and two short a helices (Riedl et al., 2005) and is long enough to span the distance between a CARD and the NBD (w40 Å ). However, we have not modeled the L1 linker because of its size. Hence, it is not clear which CARD represents the N-terminal domain of a particular monomer, because there are two possible choices within the CARD ring for each Apaf-1. Even so, we conclude that the CARD ring defines the active center of the apoptosome.
Architecture of the Central Hub and Arm
The nucleotide binding and oligomerization domain (NOD) forms part of the central hub (Acehan et al., 2002) and, thus, may play a critical role in forming the apoptosome. To evaluate this idea, Apaf-1 domains were docked within the central hub and arm of the apoptosome as follows. We started with HD2 because it has a short linker (w3 residues) that connects this domain to the winged helix domain. We found a good fit for HD2 in the extended arm when the a helices are packed roughly perpendicular to this feature ( Figures 3A and 3B ). In addition, the trajectory of the final a helix (a32) appears to be different in the apoptosome, as we identified a spur of this size that extends from the base of the arm near the regulatory region. This spur was modeled by a simple rotation of a32 about its linker with a31 ( Figures 3B  and 3E ). We then docked the WHD into the map by using its shape and connectivity constraints with HD2 ( Figures  3A and 3B) . At this stage, there was room for the nucleotide binding domain adjacent to the WHD, and the NBD was docked accurately in this region by using its shape ( Figure 3A ). In the final step, HD1 was docked into a protrusion on the central hub, and the last a helix in this domain (a19) forms a ridge on the surface ( Figure 3C) . Hence, our modeling shows that seven HD1s form the crown-like feature on the central hub. In addition, a helix 19 makes a connection to the WHD that involves the L2 linker. This long connection includes a helix 20 in the WHD, which is not in density and may be flexible. Finally, the distance between HD1 and the NBD in our model is consistent with the length of the linker between them.
The Regulatory Region and Cytochrome c
The regulatory region in Apaf-1 is comprised of 13 WD40 repeats, which follow helical domain 2 (Figure 2A ). The WD40 repeats are clustered in groups of seven and six in the sequence and form two b propellers with seven and six blades within the regulatory region (Acehan et al., 2002) . These features are more clearly defined in the new map. In particular, the map confirms that the b propellers are packed nearly perpendicular to each other, with the smaller b propeller being closer to the central hub ( Figure 1D ). Since we do not have atomic structures for the Apaf-1 b propellers, our initial assignments were reevaluated with domains from transducin Gb and TolB, respectively. In this analysis, we found that the seven-bladed b propeller from transducin Gb fits well within the density for this feature ( Figures 3D-3F ). In addition, the six-bladed b propeller from TolB is also an excellent fit, as the pseudo-6 fold rotational symmetry is clearly represented in the map ( Figure 3E ). Both disk-like b propellers have a flat side, a puckered opposing surface, and a central pore that could be fit within the map. However, we could not ascertain the precise rotational alignment of the b propellers due to their pseudosymmetry. This uncertainty dissuaded us from creating homology models for the b propellers to use in the docking.
Cytochrome c has a remarkable dual life as an electron carrier in the mitochondrial respiratory chain and as a trigger for apoptosome assembly (Liu et al., 1996; Li et al., 1997; Hao et al., 2005) . We previously identified a feature between the two b propellers as cytochrome c (Acehan et al., 2002) . We now confirm this assignment, as the new map allowed us to unambiguously dock a single cytochrome c between the b propellers. In this docking, the longer axis of cytochrome c is aligned parallel to the opposing faces of the disk-like WD40 domains (Figure 3F) . The cytochrome c density is quite strong, which indicates a high occupancy in the binding site. Hence, the regulatory region in the human apoptosome is comprised of two b propellers with a single cytochrome c slotted in between them. After accounting for all of the electron density in the 3D map, we conclude that the stoichiometry of cytochrome c to Apaf-1 in the recombinant apoptosome is 1:1 rather than 2:1 (Purring et al., 1999) .
A Domain Model of the Apoptosome
Our model of the apoptosome provides appropriate connectivity between domains with short linkers (NBD-HD1, WHD-HD2) and provides a good overall fit for domains within the 3D density map. The model also confirms many details of the wheel-like apoptosome (Acehan et al., 2002) , but it places them in sharper focus. We find that Apaf-1 starts near the center of the apoptosome, runs through the central hub, and extends into the regulatory region. However, a more detailed analysis is now possible. Thus, the N-terminal CARDs from seven Apaf-1 subunits converge to form a central CARD ring that represents the active center of the apoptosome ( Figures 4A-4D, see green ring) . In support of this assignment, procaspase-9 was shown to bind to this region of the apoptosome (Acehan et al., 2002) . The finding that seven CARDs form a discrete ring suggests that they may function as a cooperative unit in the apoptosome. Each CARD also makes contacts with the NBD through the L1 linker (Riedl et al., 2005) . In addition, a crown of seven HD1s sits atop the CARD ring (Figures 4A and 4C ) and may partially block access of procaspase-9 to the CARDs. During assembly, adjacent Apaf-1 subunits pack together in a cylindrical manner to form the central hub, which encircles the CARD ring. The hub is stabilized by interactions between the nucleotide binding domain in one subunit and a winged helix domain in an adjacent subunit, but the N-terminal region of HD2 (the proximal surface of the arm) also contributes. This can be observed clearly in top and bottom views of the apoptosome (Figures 4A-4D ).
The apoptosome contains bound dATP when the complex is assembled with this nucleotide (Jiang and Wang, 2000) . In addition, a nonhydrolyzable ATP analog (AMP-PCP) can substitute for dATP during assembly of a functional apoptosome (Jiang and Wang, 2000) . Since we used a large excess of dATP (0.1 mM) during assembly and Apaf-1 is a poor dATPase (Jiang and Wang, 2000), we wondered if Apaf-1 would be in a dATP-like conformation in our 3D model. To test this hypothesis, we assembled apoptosomes in AMP-PCP with conditions that were similar to those used to prepare the EM samples. As shown in Figure 1A , apoptosomes made with AMP-PCP (right, labeled AMP-PCP) or dATP (left, standard assembly) had similar mobilities on glycerol gradients, and both complexes contained cytochrome c. When taken together, the data suggest that Apaf-1 domains that bind nucleotide (NBD and HD1) may be in a dATP-like conformation in our map. Indeed, the relative orientations of the NBD and HD1 differ significantly in the apoptosome when compared to their positions in the crystal structure of Apaf1-591 with a bound ADP (Riedl et al., 2005; see Discussion) .
A second helical domain (HD2) forms the arm of Apaf-1 and extends outward from the central hub. This domain also makes distal interactions with the regulatory region. Intriguingly, HD2 uses ''pairs'' of a helices to form the arm, a feature that is reminiscent of a-helical pairs in clathrin arms (Fotin et al., 2004) , but this motif occurs on a smaller scale in Apaf-1. Finally, the C-terminal regulatory region is formed by a pair of b propellers that contain seven and six blades. These b propellers form a V-shaped binding site for a single molecule of cytochrome c.
Our model also highlights the role of two linkers. The L1 link between the CARD and NBD may facilitate conformational changes that release the CARD from the NBD, upon activation by cytochrome c. Intriguingly, an Apaf-1 isoform was initially identified that contained a shorter L1 linker (w9 residues) and 12 WD40 repeats (see Hu et al., 1999; Zou et al., 1999 ), but it is not known whether the short linker is responsible for the low activity of this molecule. While the L2 linker between HD1 and the WHD is not in density at the current resolution, it plays an important role in positioning these domains in the central hub.
Forming Rings with the Nucleotide Binding Domain
This domain model of the apoptosome helps to explain the pivotal roles of the NBD, HD1, and winged helix domains, as they form the central hub and constitute a functional NOD. Thus, the apoptosome may provide a paradigm for the formation of ring-like oligomers by NOD family members from bacteria, plants, and animals (Leipe et al., 2004; Inohara and Nunez, 2003) . In addition, a similar NBD and associated small helix domain (HD1-like) is generally conserved in the P loop NTPase superfamily, which includes the AAA+ ATPases (Leipe et al., 2004 , Riedl et al., 2005 . Remarkably, the NBD and HD1 are used quite differently in the Apaf-1 heptamer when compared to the NSF D2 and p97 D1 hexamers (Yu et al., 1998; Zhang et al., 2000) . In the apoptosome, alternating contacts between the NBD and WHD help form the central hub and create a large central cavity that contains the CARD ring, while HD1 forms a crown on the top surface ( Figure 5A ). In contrast, the NBD of NSF makes contacts with neighboring NBDs to form the D2 hexameric ring ( Figure 5B ; Yu et al., 1998) . In the NSF hexamer, ATP is bound between the NBD and the small HD1-like region. At present, the role of the winged helix-like domain in the AAA+ ATPases remains unclear. We surmise that at least two different mechanisms have evolved within the P loop NTPase superfamily to create ring-like oligomers. In addition, many NOD family members have N-terminal effector domains that are not CARDs. Our data suggest that domains of the central hub (along with the N-terminal region of the HD2 arm) may be sufficient to promote ring formation by these NOD proteins.
Discussion
In this work, we have determined a structure of the human apoptosome at 12.8 Å resolution. We then used molecular docking with known crystal structures to create an accurate domain model for Apaf-1 within the apoptosome. Thus, our model reveals a CARD ring at the center of the apoptosome and provides a detailed snapshot of this large death platform. When combined with biochemical data, the improved model provides a rationale for the roles of cytochrome c and dATP in assembly. Finally, our model reveals how the CARD ring and hub create an activation platform for procaspase-9.
Assembly of the Apoptosome
In the mitochondrial pathway, Apaf-1 assembles into an apoptosome that plays a central role in the activation of procaspase-9 (Li et al., 1997; reviewed in Danial and Korsmeyer, 2004; Green and Evan, 2002) . This pathway is particularly important in the development of the central nervous system (Ferraro et al., 2003) and is also used for apoptosis induced by radiation and chemotherapeutic agents. Thus, it is clearly important to understand apoptosome assembly, and recent data allow us to suggest a working hypothesis for this event. Cytochrome c is required for apoptosome assembly (Liu et al., 1996; Li et al., 1997) . Thus, pro-death members of the Bcl-2 family play a role in permeabilizing the outer mitochondrial membrane, which sets the stage for cytochrome c release into the cytosol, where it binds Apaf-1 with high affinity (see Newmeyer and Ferguson-Miller, 2003) . Our maps show that one cytochrome c molecule is bound between two b propellers in the regulatory region of Apaf-1 (Acehan et al., 2002 and this study). Cytochrome c binding may release the NOD of Apaf-1 from the WD40 domains, thereby creating a more extended molecule ( Figure 6 ; Acehan et al., 2002) . The binding of cytochrome c may also have direct ramifications for the dATPase cycle of Apaf-1 (see below).
Previous studies have shown that dATP is bound to the apoptosome when this nucleotide is used for assembly (Jiang and Wang, 2000) . In addition, the measured rate of dATP hydrolysis by purified Apaf-1 is very low (w1 dATP/Apaf-1/hr) and is similar in the presence of cytochrome c and procaspase-9 (Jiang and Wang, 2000) . In addition, a structure-based alignment (Riedl et al., 2005) shows that two aspartate residues in the Walker B box of Apaf-1 are replaced by Leu-Asn in Dark, the Drosophila homolog of Apaf-1. These acidic residues mediate interactions with Mg 2+ and a nucleophilic water and are critical to NTPase activity. Hence, both Apaf-1 and Dark appear to be rather poor dATPases.
When taken together, these observations present a conundrum, since additional dATP is required for apoptosome assembly in cell extracts and with purified Apaf-1. However, recent observations suggest that dATP bound to the latent Apaf-1 monomer may be hydrolyzed during the binding of cytochrome c (Kim et al., 2005) . Hence, nucleotide hydrolysis may create an Apaf-1 monomer with a bound dADP that represents an assembly intermediate. In this process, cytochrome c would function like a dATPase activation protein (a dAAP) for one cycle of dATP hydrolysis by Apaf-1 (Figure 6, left) . In addition, dATP binding to purified Apaf-1 is increased w20-fold in the presence of cytochrome c and procaspase-9 (Jiang and Wang, 2000; Liu et al., 1996; Li et al., 1997) , which is presumably due to hydrolysis of bound dATP. The addition of dATP after cytochrome c binding may facilitate nucleotide exchange on Apaf-1 (Figure 6 , bottom) and create a second dATP bound conformation that is amenable to assembly. Indeed, dATP can be replaced in this step with a nonhydrolyzable ATP analog without affecting assembly (AMP-PCP; Jiang and Wang, 2000; this work). Thus, Apaf-1 may have two distinct dATP binding conformations: one that stabilizes the latent monomer (dATP state 1) and one that leads to assembly (dATP state 2). Moreover, a defined dADP-like conformation of Apaf-1 must exist between the two dATP states.
In any case, once an open conformation of Apaf-1 with bound dATP is attained, it may coassemble with six other subunits to form the apoptosome. In this step, the NBD and WHD in the Apaf-1 subunits may associate in a cylindrical manner to form the central hub, and the CARDs may assemble the CARD ring (Figure 6, right) . However, it is worth noting that the isolated Apaf-1 CARD exists as a monomer in solution (Qin et al., 1999; Zou et al., 1999) ; hence, the lateral association of multiple CARDs may, by itself, be insufficient to promote apoptosome assembly. Alternatively, assembly may be favored by procaspase-9 binding to the CARD, since the Apaf-1 CARD oligomerizes in the presence of procaspase-9 (Shiozaki et al., 2002) .
Given this assembly model, we may ask: Where might the ADP bound conformation of Apaf1-591 be positioned within the proposed pathway? A comparison of the relative orientation of HD2 and the WHD shows that they are similar in the crystal structures of Apaf1-591 and the apoptosome ( Figure 7A) . Hence, the regulatory region of Apaf-1 may fit onto the HD2 arm of Apaf1-591 without a major perturbation. Since the nucleotide in the crystal structure is ADP, we suggest that the domain organization of Apaf1-591 may approximate the dADP assembly intermediate in Figure 6 (lower left). Of course many questions remain. In particular, it is apparent that the enclosed dADP/ADP must be exchanged for a nucleotide triphosphate in order for assembly to proceed. We predict that nucleotide exchange will be accompanied by major rearrangements of the CARD, NBD, and HD1 in going from a dADP state to the second dATP state (arrows in Figure 7A ). This exchange (dATP for dADP) may be facilitated by breathing motions of the domains or by procaspase-9 binding and interactions with other Apaf-1 monomers (Jiang and Wang, 2000) .
An Activation Platform for Procaspase-9
In our model, we oriented the Apaf-1 CARDs such that their procaspase-9 binding surfaces are exposed on the top of the CARD ring. Hence, the CARD ring creates a dense-packed, radial array of binding sites for the prodomain of procaspase-9 ( Figure 7B , from 2 to 6 o'clock). However, the HD1 crown ( Figure 7B , shown in cyan at 11-1 o'clock) would block prodomain access to these sites when zymogen is added to apoptosomes ( Figure 7B , 7-9 o'clock). The situation in vivo is different because procaspase-9 could interact with Apaf-1 during assembly. Thus, Apaf-1/procaspase-9 complexes may form in the presence of cytochrome c and coassemble when dATP is bound, to form an active holo-apoptosome. In both cases, HD1 may be positioned differently to minimize a clash with procaspase-9 in the holo-apoptosome. In line with this idea, we have observed a large upward movement of the top surface of the central hub when procaspase-9 is bound to the apoptosome (Acehan et al., 2002) .
Finally, the close proximity of 7 procaspase-9 binding sites on the CARD ring may be compensated to some extent by the presence of a long (45 residues) linker between the prodomain and large subunit of this zymogen. Given this binding geometry, a simple calculation suggests that the local concentration of procaspase-9 may approach w200 mg/ml on the hub, when all seven CARDs are saturated with zymogens. Indeed, there appears to be no reason why seven procaspase-9 monomers could not bind simultaneously to the apoptosome. This high local concentration of zymogen may favor dimer formation by monomer recruitment from solution (Boatright et al., 2003; Acehan et al., 2002; Renatus et al., 2001) , or it may favor lateral interactions between procaspase-9 molecules that cannot otherwise occur in solution , Shi, 2002 . Hence, the precise details of procaspase-9 binding and activation on the holo-apoptosome remain to be elucidated.
Experimental Procedures
Apaf-1 Purification and Assembly Apaf-1 was expressed, purified, and assembled in buffer A (20 mM HEPES-KOH [pH 7.5], 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol) with cytochrome c (Apaf-1 to cytochrome c molar ratio = 1:1.5) and 0.1 mM dATP (Acehan et al., 2002) . However, the apoptosomes were concentrated to 5-8 mg/ml by using a Microcon YM-30 (from Millipore), in the presence of Nonidet P40 (final concentration of w0.1%-0.2%). To monitor assembly, apoptosomes were run on a 10%-40% glycerol gradient (volume = 2.2 ml) in buffer A at 17ºC for 2.5 hr in an RP55S rotor (55,000 rpm; Sorval). Fractions were collected manually from the top in w150 ml aliquots, separated by SDS-PAGE on an 8%-15% gradient gel, and visualized with Coomassie blue. For the salt stability test, apoptosomes were assembled in buffer A supplemented to a final salt concentration of 100 mM KCl. After assembly, the complexes were concentrated and run on a glycerol gradient in the same buffer. To test assembly with a nonhydrolyzable analog, AMP-PCP at 0.1 mM (Sigma-Aldrich) was used instead of dATP.
Electron Cryomicroscopy, Structure Determination, and Modeling Two independent 3D data sets were collected from frozen-hydrated particles. To prepare specimens for the map at 21 Å resolution, holey Quantifoil grids (400 mesh) were coated with carbon, and the film was rendered hydrophobic by incubation in an oven at w70ºC for w1 hr. Aliquots (2 ml) of the concentrated sample were pipetted onto the grids, which were subsequently blotted and plunge frozen in liquid ethane in a humid chamber at 4ºC (Acehan et al., 2002) . Electron micrographs were collected on Kodak film with a JEOL 2010SFF microscope at the National Center for Macromolecular Imaging. Images were collected at 200 kV and a nominal magnification of 50,0003. For the final map, data were collected on film at 50,0003 with a Tecnai F20 microscope. In these experiments, plastic films with a random distribution of small holes (Fukami and Adachi, 1965) were floated and picked up on 300 or 400 mesh Cu grids. After carbon shadowing, the plastic was removed from the grids with ethyl acetate, and the carbon film was glow discharged in an airisopropanol mixture. Frozen-hydrated specimens were then prepared as described above. This approach produced better specimen contrast because the ice was thinner. In addition, images were taken at 120 kV rather than 200 kV to further enhance specimen contrast.
Electron micrographs were evaluated by optical diffraction for astigmatism and drift. Good negatives were scanned with an Eversmart scanner (Creo, Inc.) with a step size of 4.54 mm and binned to 2.73 Å /pixel. Particles were selected by using BOXER (Ludtke et al., 1999) , and a full CTF correction was done by using CTFIT and a hybrid structure factor curve. The low-resolution region of the structure factor was obtained from apoptosome images, and the remainder of the curve was obtained from a published profile of GroEL (Ludtke et al., 2004) . For the map at 21 Å , our previously published structure (Acehan et al., 2002) was used as a starting 3D reference. In this analysis, we started with w10,000 particles, and w5,400 were used in the final reconstruction. For the final 3D map, the model at 21 Å resolution ( Figure S1 , middle) was used as the initial reference. About 13,000 particles were used to start this refinement, and w7,600 were included in the final reconstruction. The setsf option was used during the final refinement steps with a classkeep of 0.2. The resolution was estimated from the Fourier Shell Correlation (FSC) in EMAN by using a cutoff of 0.5. Figure 7 . Apaf-1 Conformations during Assembly and Procaspase-9 Binding to the CARD Ring (A) A self-inhibited Apaf-1 monomer with bound dATP (dATP state 1) may hydrolyze dATP upon binding cytochrome c. This would create an Apaf-1 conformation with bound dADP (dADP state) that may be similar to the Apaf1-591 structure (Riedl et al., 2005) . Approximate positions of the b propellers and cytochrome c are indicated in this hypothetical intermediate. Nucleotide exchange and the formation of an assembly-competent Apaf-1 monomer (dATP state 2) may require a reorientation of the CARD, NBD, and HD1 as shown (see arrows in dADP state). (B) The HD1 crown is shown in cyan between 11 and 1 o'clock, as modeled in the unliganded apoptosome. The HD1 crown blocks access of the procaspase-9 prodomain (shown in orange) to the central CARD ring, as shown by a strong clash between these domains in the region from 7 to 9 o'clock. However, when the HD1 crown is removed, multiple prodomains can dock to adjacent CARDs without a serious clash (2-6 o'clock). Thus, seven HD1s may adopt a different orientation in the central hub of the holo-apoptosome.
An initial docking with the relevant domains was carried out manually in O (Jones, et al., 1991) , by using overall fit and connectivity within a subunit of the apoptosome. At this stage, we identified the correct hand of the map based on the best global fit. For this work, the first five domains of Apaf-1 were taken from Apaf1-591 (1Z6T; Riedl, et al., 2005) . Models for the seven-bladed b propeller (1GFW), the six-bladed b propeller (1CRZ), and cytochrome c (3CYT) were also used. After the initial docking, related subunits were generated by using a 7-fold symmetry matrix in Moleman2 (Kleywegt et al., 2004) . Domains in the model were subsequently refined as rigid bodies by using RSRef2000 to maximize the crosscorrelation value between the model and the map (Fabiola and Chapman, 2005) , and, in some cases, the domains were adjusted manually. The final crosscorrelation coefficient (0.67) indicates the overall fit of the model at this resolution, but it also reflects the fact that the b propellers, which account for w50% of the molecule, are not from Apaf-1. Figures were made with Web (Frank et al., 1996) , Chimera (Goddard et al., 2005) , and Adobe Photoshop.
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Supplemental Data including two figures are available at http:// www.structure.org/cgi/content/full/13/11/1725/DC1/.
